Abstract Key clinical features of cumulative trauma disorders include pain, muscle weakness, and tissue fibrosis, although the etiology is still under investigation. Here, we characterized the temporal pattern of altered sensorimotor behaviors and inflammatory and fibrogenic processes occurring in forearm muscles and serum of young adult, female rats performing an operant, high repetition high force (HRHF) reaching and grasping task for 6, 12, or 18 weeks. Palmar mechanical sensitivity, cold temperature avoidance and spontaneous behavioral changes increased, while grip strength declined, in 18-week HRHF rats, compared to controls. Flexor digitorum muscles had increased MCP-1 levels after training and increased TNFalpha in 6-week HRHF rats. Serum had increased IL-1beta, IL-10 and IP-10 after training. Yet both muscle and serum inflammation resolved by week 18. In contrast, IFNγ increased at week 18 in both muscle and serum. Given the anti-fibrotic role of IFNγ, and to identify a mechanism for the continued grip strength losses and behavioral sensitivities, we evaluated the fibrogenic proteins CCN2, collagen type I and TGFB1, as well as the nociceptive/ fibrogenic peptide substance P. Each increased in and around flexor digitorum muscles and extracellular matrix in the midforearm, and in nerves of the forepaw at 18 weeks. CCN2 was also increased in serum at week 18. At a time when inflammation had subsided, increases in fibrogenic proteins correlated with sensorimotor declines. Thus, muscle and nerve fibrosis may be critical components of chronic work-related musculoskeletal disorders. CCN2 and substance P may serve as potential targets for therapeutic intervention, and CCN2 as a serum biomarker of fibrosis progression.
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Introduction
The United States Occupational Safety and Health Administration (OSHA) estimates that work-related musculoskeletal disorders (WMSDs) account for over 600,000 injuries and illnesses (OSHA 2014) . These disorders are estimated at $20 billion a year in direct costs, and up to five times more in indirect costs for MSD-related workers' compensation, in addition to the substantial toll on affected workers who develop significant difficulties in performing simple upper extremity tasks (OSHA 2014) . The incidence rate of occupation-related arm, wrist and hand injuries is 23 % of all workplace injuries/ illnesses and requires a median of 12 days away from work (BLS 2013) . Studies in humans with upper extremity WMSDs find evidence of inflammation, fibrosis and degeneration in tissues, changes thought to cause the concurrent sensorimotor dysfunction (Carp et al. 2007; Chikenji et al. 2014; Ettema et al. 2004; Rechardt et al. 2011; Rempel and Diao 2004; Riondino et al. 2011) . However, underlying pathophysiological responses are incompletely understood, particularly those associated with chronic fibrotic pathologies. Several studies have detected serum biomarkers of inflammation in patients with short-term (<3 months) upper extremity WMSDs, including tumor necrosis factor alpha (TNFα) and interleukin 1 (IL-1) family members (Carp et al. 2007; Rechardt et al. 2011; Riondino et al. 2011 ). These serum biomarkers of inflammation correlated with severity of patients' symptoms of pain and motor dysfunction. Patients with chronic (>3 months) WMSDs show continued symptoms of pain and motor dysfunction, yet an absence of inflammatory markers. Instead, these latter patients have increased tissue fibrosis and fibrogenic markers, such as transforming growth factor beta 1 (TGFB1) (Chikenji et al. 2014; Ettema et al. 2004; Freeland et al. 2002; Hirata et al. 2004) , although serum biomarkers of fibrosis in relationship to WMSDs are still under investigation.
CCN2 (also known as connective tissue growth factor or CTGF) is a sensitive serum biomarker of cardiac fibroblast proliferation (Lipson et al. 2012 ) and idiopathic pulmonary fibrosis, as is interferon gamma (IFNγ) (Tzortzaki et al. 2007) . CCN2 is produced by multiple cell types and is a downstream mediator of transforming growth factor beta 1 (TGFB1) (Grotendorst 1997; Song et al. 2007 ). When increased, CCN2 induces fibroblast proliferation and extracellular matrix (ECM) deposition (Grotendorst 1997; Stratton et al. 2001) . This is of interest since tissue CCN2 increases under conditions of muscle and tendon overload and/or injury (Heinemeier et al. 2007; Kjaer 2004; Smith et al. 2007) , and has been linked to the pathogenesis of fibrosis (Hawinkels and Ten Dijke 2011; Ihn 2008; Seher et al. 2011; Tzortzaki et al. 2007 ). Since CCN2 is normally low or undetectable in sera of healthy individuals, it may serve as a predictive biomarker for patients in the fibrotic stage of WMSDs after exclusion of other possible health disorders, as shown recently in a study from our laboratory examining tendon fibrosis using a rat model of overuse (Gao et al. 2013) .
The neuropeptide substance P has also been linked to tissue fibrosis. Substance P (subP) is an 11 amino acid neurotransmitter known to be involved in nociception in the peripheral and central nervous systems, yet has multiple effects on immune cells, endothelial cells, and fibroblasts. SubP has been reported to work in concert with TGFB1 in inflammation (Beinborn et al. 2010 ) and fibrotic responses (Dehlin et al. 2013; Koon et al. 2010) in various tissues, and is increased in ligaments and tendons of patients with carpal tunnel syndrome (Ozturk et al. 2010 ). In models of overloading in vitro and in vivo, increased SubP has been linked to increased tenocyte proliferation and tendinosis, respectively (Backman et al. 2011a, b; Fedorczyk et al. 2010) , muscle derangement and myositis in a unilateral model of experimentally-induced muscle overuse (Song et al. 2013) , and increased collagen type I expression by dermal fibroblasts during wound healing (Cheret et al. 2014) . The importance of subP in scar formation is also well documented (Chen et al. 2006; Henderson et al. 2012; Henderson et al. 2006; Jing et al. 2010; Scott et al. 2005) , indicating a link between increased subP and fibroblast proliferation and collagen production during wound healing. To our knowledge, no study has examined concomitant increases in subP and CCN2.
We have developed a unique rodent model of operant repetitive reaching and grasping in which the performance of a reaching and handle-pulling task causes injury and inflammation, followed by tissue fibrosis (Abdelmagid et al. 2012; Clark et al. 2004; Fedorczyk et al. 2010; Gao et al. 2013 ). We observed exposure-dependent declines in sensorimotor function after short-term performance (≤3 months) of these tasks, with a high repetition high force (HRHF) task inducing the greatest dysfunction Barbe et al. 2013; Fedorczyk et al. 2010 ). Short-term sensorimotor declines were associated with duration-and force-dependent increases in tissue inflammation and fibrosis (Abdelmagid et al. 2012; Barbe et al. 2008 Barbe et al. , 2013 Elliott et al. 2009a, b; Elliott et al. 2010; Fedorczyk et al. 2010; Gao et al. 2013; Kietrys et al. 2011 Kietrys et al. , 2012 . Unfortunately, we were not able to tease out if tissue inflammation or fibrosis (or both) were contributing to functional declines in these past studies of ≤3 months, due to concurrent inflammatory and fibrotic tissue responses. Therefore, our goal here was to examine the effects of performing a high repetition high force (HRHF) handlepulling task for up to 18 weeks on forearm grip strength, pain-related behaviors, inflammation, and fibrotic responses in forearm muscles, nerves and surrounding ECM. We hypothesized that inflammatory cytokine responses would resolve early, that fibrotic/nociceptor tissue responses (CCN2, TGFB1, collagen I, and subP) would increase significantly in flexor digitorum muscles, nerves and ECM with prolonged performance of a high demand repetitive task, in association with persistent sensorimotor declines. We further hypothesized that tissue increases in CCN2 would be matched by serum increases, supportive of it serving as a potential biomarker of fibrosis and therapeutic target to prevent the fibrosis and reduced function occurring a consequence of repeated overuse.
Methods

Subjects
The Temple University Institutional Animal Care and Use Committee approved all experiments in compliance with NIH guidelines for the care and use of laboratory animals. Ninety-five young adult, female Sprague-Dawley rats (3 months of age at onset of experiments) were used. Adult female rats were used in this study because: (1) Human females have a higher incidence of work-related musculoskeletal disorders than males (Gerr et al. 2002) ; and (2) for comparison to data from our past studies on female rats using this model.
Rats were randomly divided into 4 groups: age-matched normal controls (NC, n=15): age-and weight-matched food restricted controls (FRC, n=23); age-matched trained-only rats that underwent an initial training (trained to high-force, TRHF, n=15) and then euthanized after training; and agematched rats that were trained before performing the highrepetition, high-force task (HRHF) task for 3 weeks (n=6), 6 weeks (n=8), 12 weeks (n=12) or 18 weeks (n=16) before euthanasia (total number of HRHF rats = 42). Rats were housed in a central animal facility in separate cages with a 12-h light:dark cycle and free access to water. Rats were weighed weekly and their food adjusted to maintain ±95 % body weight of age-matched controls to avoid catabolic tissue changes that might occur with greater weight loss, and to avoid confounds of obesity (rats tend to work hard for the banana-flavored food pellets used as food reward). All rats were inspected weekly and again post-mortem for presence of illness or tumors to reduce confounders for serum cytokine increases (none were observed). To further reduce illnessrelated confounders, additional sentinel rats were examined for presence of viral infections or other illnesses as part of regular veterinary care (none were detected).
Behavioral apparatuses, training and task regimen Sixteen custom-designed behavioral apparatuses were used for these experiments, as previously described and depicted . Briefly, animals reached through a shoulder height portal and isometrically pulled a force handle attached to a force transducer with a load cell (Futek Advanced Sensor Technology, Irvine, CA) located outside the chamber wall. The load cell was interfaced with custom Force-Lever software (version 1.03.02, Med Associates, St. Albans, VT). Auditory and light indicators cued the reaching rate (defined below). If reach and force criteria (defined below) were met within a 5 s cueing period, a 45 mg food pellet was dispensed into a food trough.
The trained-only (TRHF) and HRHF rats underwent an initial training period for 5 weeks in which they learned the task, as previously described Elliott et al. 2010) . Briefly, all but NC rats were initially food-restricted for 7 days to no more than 10-15 % less than their naive weight, and the weight of age-matched rats with free access to food, to initiate interest in food reward pellets. After that week, they were given extra rat chow to gain weight quickly back to only 5 % less than age-matched normal control rats. Rats were weighed weekly, and allowed to gain weight during the study as they were young adult rats (Jain et al. 2014) . The foodrestricted rats trained to learn the HRHF reaching and handle-pulling tasks during a 5-week period of 10 min/day, 5 days/week, in which they ramped upwards from naive towards the HRHF task level (see below). Trained rats reached the HRHF level only during their last week of training. After training, rats were randomly divided into TRHF and HRHF rats. TRHF rats were euthanized at this point to determine the effect of training. The remaining trained rats went on to perform the HRHF task.
After the initial training period, a point equal to week 0 of the HRHF task, 30 rats began the HRHF task regimen for 2 h/ day, 3 days/week for up to 18 weeks. The task was divided into 4, 0.5-h sessions separated by 1.5 h in order to avoid satiation. HRHF rats were cued to reach at a rate of 8 reaches/min and to grasp the force handle at a target force effort of 55 %±5 % (which equals 120 to 128 g, and 1.02 to 1.12 N). HRHF rats had to grasp the force handle and exert an isometric pull at the target level for at least 50 ms to receive a food reward, as described previously . Rats were allowed to use their preferred limb to reach (the Breachl imb), and data from this limb only is reported.
Spontaneous pain behaviors during reaching
Trained observers tracked changes in behaviors occurring during each period of task performance (30 min/task period; 4 times/day; 3 days/week). Data from the last day of task weeks 1, 6, 12 and 18 are reported. Bilateral pulling of the lever bar was recorded upon occurrence, as was incidence of a rat switching the forearm used to pull on the lever bar from their typical Bpreferred^reach limb to the contralateral limb. On occasion, a rat would twist its forelimb into a supinated position when pulling on the lever rather than the typical pronated pull; this was recorded as a BSupinated Pull^. Fumbling, guarding, or pulling with one digit rather than the typical four-digit grasp were recorded upon occurrence, as was refusal to participate (typically sitting in the corner of the chamber, and thus termed Bsits in corner^). Spontaneous pain behavioral data is reported for HRHF rats only, since only this group performed the task.
Temperature sensitivity
Two choice temperature preference/aversion assays were used to determine hot or cold thermal thresholds, using methods similar to those previously described (Balayssac et al. 2014; Mishra and Hoon 2010; Noel et al. 2009 ). Rats were placed in an apparatus with two adjacent plates enclosed in a single chamber by Plexiglas: a reference plate at 22°C (room temperature) and a test plate that was adjusted to specific temperatures of interest between 12°C and 45°C (T2CT, BioSeb, France). Rats were allowed to habituate to the chamber for 3 min, with each plate at room temperature. The variable temperature plate was then increased slowly or decreased slowly, with 3 min at each temperature. During this time period, the rats were free to choose their preferred position (comfort zone) on the two plates while their movement in three zones was recorded with a video tracking system: a zone that included only the room temperature plate, a zone that included only the varied temperature test plate, and a middle zone in which the rat had a portion of its body on each plate rather than just one. The number of crossings between the two plates was tracked by a motion sensitive camera and percent time spent in each zone calculated; data from the middle zone was not used. To ensure data were collected from trials in which rats were exposed to both test temperatures, only assays in which rats traveled between both plates in the acclimation period were counted. Preference/aversion to increasing temperature (22-45°C) versus decreasing temperature (22-12°C) were assayed on separate days. Temperature sensitivity was assayed at naïve, and after 18 weeks of HRHF task performance, and in age-matched FRC rats at matching the 18 week time point.
Forepaw mechanical sensitivity
Mechanical sensitivity was assayed as forepaw withdrawal behaviors to stimulation with calibrated von Frey filaments, at baseline (the naïve time point) and after 18 weeks of HRHF task performance. Aged-matched food restricted control rats (FRC) were tested at similar time points. Filaments were applied 10 times in the order of increasing stiffness, perpendicular to the plantar surface of the forepaw and pressed until they bent (5 filaments were used: sized 0.16, 0.4, 1.0, 6 and 26 g); the number of forelimb withdrawal responses to each was recorded.
Motor function assay
Reflexive grip strength (Elliott et al. 2010 ) of the forelimbs was measured in all animals, bilaterally, at baseline (the naïve time point), after training (the 0 week time point of the HRHF task), and every 6 weeks thereafter, using a rat grip strength recording unit (Stoelting, Wood Dale, IL). These assays were performed by an examiner naïve to group assignment. The test was repeated 3-5 times/limb/trial, and the maximum grip strength per trial is reported.
Serum biomarker assays
Following euthanasia (sodium pentobarbital, 120 mg/kg body weight), 36 h after completion of the final task session (to avoid exercise-induced serum cytokine changes), blood was collected by cardiac puncture using a 23-gauge needle and centrifuged immediately at 1000 × g for 20 min at 4°C. Serum was collected from: NC (n=9), FRC (n=7), TRHF (n = 4), and HRHF rats that had performed the task for 18 weeks (n=6). Serum was collected and stored at −80°C until analyzed using customized multiplex bead-based analysis (Millipore Corporation, Billerica, Massachusetts) for 13 cytokines and chemokines, including: 7 inflammatory cytokines and chemokines (interleukin-1 alpha (IL-1α), IL-1β, IL-6, IL-18, interferon gamma-induced protein 10 (IP-10/ CXCL10), macrophage inflammatory protein 1 alpha (MIP1a/CCL3), and MIP-2/CXCL2), a key anti-inflammatory protein (IL-10), an anti-fibrogenic cytokine that also increases lysosomal activity of macrophages (IFNγ), an angiogenesisrelated cytokine (vascular endothelial growth factor (VEGF)), and 3 chemotactic chemokines (eotaxin, growth-related protein/keratinocyte chemoattractant (GRO/KC, also known as CXCL1), and monocyte chemoattractant protein 1 (MCP-1/CCL2)). Serum from FRC (n=14), TRHF (n=15), and HRHF rats that had performed the task for 6 (n=7), 12 (n= 8), and 18 weeks (n=6) was also assessed for tumor necrosis factor-alpha (TNFα) using singleplex ELISA (DY510, R&D Systems, Minneapolis, MN, as well as ThermoFisher Scientific Pierce Searchlight, Waltham, MA), CCN2 (22202, BioMedical Assay, Beijing, China), IL-10 (KRC0102, Invitrogen Biosource, as well as ThermoFisher Scientific Pierce Searchlight), and IFNγ (ThermoFisher Scientific Pierce Searchlight).
Tissue biochemical assays
Following euthanasia and after serum collection, flexor digitorum muscles and tendons were collected from the distal forearm region of the preferred reach limb. Muscles were homogenized as previously described ) from: NC (n=4), FRC (n=8), TRHF (n=4), and HRHF rats that performed the task for 6 (n=4), 12 (n=3) or 18 weeks (n= 8). Tendons were homogenized similarly for NC (n=3) and 18 week HRHF rats (n=5). Muscle and tendon homogenates were assayed by multiplex analysis using a LincoPlex rat 23-plex kit (Millipore Corporation, Billerica, MA) for cytokines and chemokines: 13 inflammatory cytokines and chemokines (IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-12, IL-13, IL-17, IL-18, interleukin 12 protein 70 (IL-12p70), MIP-1a, and TNFα), a key anti-inflammatory cytokine (IL-10), 7 chemotactic proteins (eotaxin, granulocyte-macrophage colony stimulating factor (GM-CSF), granulocyte colony stimulating factor (G-CSF), GRO/KC, IP-10, MCP-1, and regulated on activation, normal T cell expressed and secreted (RANTES/CCL5)), an anti-fibrogenic and inflammatory cytokine (IFNγ), a adipocyte-derived cytokine involved in fatty acid metabolism in resting rodent skeletal muscle (leptin), and an angiogenesisrelated cytokine (VEGF). Muscle homogenates were also assayed for CCN2 by ELISA (22202, BioMedical Assay, Beijing, China) and TGFB1 by ELISA (Aushon Biosystems). Results from tissue ELISAs were normalized to total protein concentration as measured by BCA assay (Pierce Biotechnology, Rockford, IL) .
Muscle homogenates were also assayed via Western Blot for CCN2 (sc-14939, 1:400 dilution, Santa Cruz Biotechnology, Santa Cruz, CA), collagen type I (C2456, 1:500 dilution, Sigma-Aldrich, St. Louis, MO), TGFB1 (MAB240, 1:500, R&D Systems, Minneapolis, MN), and IFNγ (PA1-24782, 1:500, Thermo Scientific). Densitometry was performed using myImageAnalysis version 1.1 (Thermo Fisher Scientific). GAPDH or beta actin were used as a loading control (glyceraldehyde-3-phosphate dehydrogenase; AM4300, Invitrogen). Western blots were repeated at least three times for each analyte examined.
Immunohistochemical and histological analyses
Forelimb tissues that were not homogenized for biochemical analysis were used for histological analysis from: FRC (n=12) and HRHF rats that performed the task for 3 (n=6), 6 (n=4), 12 (n=4) or 18 weeks (n=8). Following euthanasia and after serum collection, animals were perfused transcardially with 4 % buffered paraformaldehyde. Forearm musculotendinous tissues were collected and sectioned longitudinally, as described previously Fedorczyk et al. 2010) . Sections were immunostained in batched sets by the same individual for CCN2, collagen type I, IFNγ, protein gene product 9.5, smooth muscle alpha actin, subP, and TGFB1, using previously described methods (Abdelmagid et al. 2012; Fedorczyk et al. 2010) , and the following antibodies: goat polyclonal anti-CCN2 at 1:400 dilution (sc-14939, Santa Cruz Biotechnology, Santa Cruz, CA); mouse monoclonal anti-Collagen type I at 1:500 dilution (C2456, Sigma, St. Louis, MO); goat polyclonal anti-IFNγ at 1:100 dilution (PA1-24782, Thermo Fisher Pierce, Rockford, IL); rabbit monoclonal anti-smooth muscle alpha actin at 1:1000 dilution (SMA; MABT381, Millipore, Billerica, Massachusetts); mouse monoclonal anti-protein gene product 9.5 (pgp9.5, a pan neuronal marker) at 1:250 dilution (ab8189; abcam, Cambridge, MA); rabbit polyclonal anti-subP at 1:100 dilution (AB1566, Millipore), and mouse monoclonal anti-TGFB1 at 1:500 dilution (MAB240, R&D Systems, Minneapolis, MN). Briefly, after a 0.5 % pepsin antigen retrieval step for 15 min at room temperature, sections were incubated for 20 min in the appropriate blocking serum for each antibody, and then were incubated with the primary antibody at the listed dilution for overnight at 4°C. This was followed by incubation with appropriate secondary antibodies that were AffiniPure F(ab') 2 fragments, preabsorbed to reduce non-specific cross-reactivity with rat antigens, and conjugated to green or red fluorescent cyanine dyes (Cy2, DyLight 488, Cy3, or DyLight 594) (Jackson ImmunoResearch, West Grove, PA) at a dilution of 1:100 each for 2 h at room temperature.
The specificity of the TGFB1, collagen type I, CCN2 and IFNγ antibodies are shown in western blots that are part of this study. Preabsorption controls were also performed to demonstrate if the antibodies bound specifically to the antigen of interest using: CCN2 human recombinant protein produced in HEK293 cells (CXT-687, Prospec, East Brunswick, NJ), Collagen type 1 purified rat protein (C7661, Sigma), IFNγ rat recombinant protein (1857812, Thermo Scientific), TGFB1 human recombinant protein (GF111, Millipore), and subP full length 11 amino acid peptide (CAS 33507-63-0, catalog # 1156, Tocris Bioscience, R&D). A two to ten fold excess of purified protein or peptide was pre-incubated with the matching antibody overnight at 4°C, the mixture centrifuged, and then the pre-absorbed antibody supernatant was incubated with the tissues (after pepsin and goat serum treatment) similarly to that described above before washing and incubation with secondary antibodies. No labeling was observed in the tissues for any pre-absorbed antibody, as shown in Supplemental Fig. 1 . We also performed no primary antibody controls in which serum was substituted for the primary antibody, followed by secondary antibodies; no labeling was Fig. 1 Sensorimotor behavioral changes in food restricted control rats (FRC) and in high repetition high force task (HRHF) rats. a Incidence of spontaneous pain behaviors in HRHF rats during task performance, from week 0 through week 18: bilateral pulling of lever bar (rather than with preferred reach limb), switching limb used to pull, supinated pulls (rather than typical pronated pull), and sitting in corner (rather than participating). *: p<0.05 and **: p<0.01, compared to week 0. b Temperature aversion compared to room temperature of 22°C, assayed using cold and hot temperature place preference instrument in FRC rats, and HRHF rats at naïve and after 18 weeks of task. observed as a result of incubation of tissues with serum and then secondary antibodies alone (Supplemental Fig. 2) .
The percent area of immunostaining for IFNγ, TGFB1, CCN2, collagen 1 and subP was quantified in batched sets by the same individual (MB) in the epimysium region and in the ECM adjacent to the flexor digitorum muscles using an image analysis system (BioQuant Osteo, BioQuant, Nashville, TN), using previously described methods (Al-Shatti et al. 2005; Fedorczyk et al. 2010; Gao et al. 2013) . Adjacent sections of the NC, FRC and 18-week HRHF rat muscles were stained with hematoxylin and eosin (H&E), and with CD11b (a macrophage marker), using previously described methods (Fedorczyk et al. 2010; Gao et al. 2013 ). These sections were examined for the presence of neutrophils, lymphocytes or macrophages.
Statistical analyses
GraphPad PRISM v.6.02 was used for the statistical analyses. All data are expressed as mean±SEM. P values of <0.05 were considered significant for all comparisons. Behaviors were analyzed using two-way ANOVAs. Overall incidence of spontaneous behaviors occurring during the task was analyzed by two-way repeated measures ANOVA with the factors: observed behavior and week of task performance. Temperature sensitivity was analyzed using the factors: group and temperature; mechanical sensitivity was analyzed using the factors: group and filament size; grip strength was analyzed using the factors: group and week of task performance. One-way ANOVA was used to compare results from the muscle and serum multiplex cytokine analysis, and histology quantification. When only 18-week HRHF and TRHF or FRC rat tissues were analyzed for a particular cytokine (singleplex ELISAs, CCN2 western blot and immunohistochemical analyses), the results were compared using the Student's t-test. During the post-hoc ANOVA analyses for between group differences, the Bonferroni correction method was used to reduce the chances of obtaining false-positive results (type I errors) when multiple pair wise tests are performed on a single set of data. In accordance with this method, an adjustment was made to p values by the analysis program used (GraphPad PRISM) by dividing the critical p value (α=0.05) by the number of comparisons made, thus increasing the stringency of the analysis. Pearson's correlation analyses (two-tailed) were used to determine if behavioral values correlated with serum or tissue protein levels, and if serum cytokines levels correlated with tissue cytokines levels, with r values greater than 0.75 defined as indicating good to excellent correlation and those between 0.5 and 0.75 as moderate correlation. For succinctness, except for Fig. 1 , specifics of ANOVA and significant posthoc findings are reported in the figure panels.
Results
Spontaneous behavior changes with HRHF task performance
Two-way repeated measures ANOVA showed a significant (p<0.05) interaction between incidence of a particular behavior and week of task performance (Fig. 1a) . Specifically, incidence of bilateral pulling (rather than with one limb) and switching limb used to pull the lever (from the preferred reach limb, as determined during training) increased significantly in HRHF task weeks 6, 12 and 18, compared to week 0 (onset of task performance). Incidence of sitting in the corner of task chamber rather than participating increased in task week 18, compared to week 0. Although observed, there was no significant increase in supinated pulls (rather than the typical pronated pulls; Fig. 1a) , fumbling, guarding, or pulling with one digit only were not observed across weeks of task performance, compared to week 0.
Forepaw cold temperature aversion and mechanical sensitivity increased with HRHF task Two-way ANOVA showed significant changes by both group (p=0.008) and temperature (p=0.001; Fig. 1b) . Specifically, an aversion to cold temperatures was increased significantly in 18-week HRHF rats, compared to their naïve data and to agematched FRC rats. The greatest aversion was observed at 12°C, 14°C and 16°C temperatures, compared to the room temperature plate set at 22°C. Two-way ANOVA showed a significant interaction between group and von Frey filament size (p<0.0001; Fig. 1c) . Specifically, the number of forelimb withdrawals increased significantly in 18-week HRHF rats, compared to age-matched FRC rats, in response to midpalmar forepaw probing with filaments with bending forces of 4 g or less.
Grip strength declines with HRHF task performance Two-way ANOVA showed significant changes by both group (p<0.001) and week (p<0.001) (Fig. 1d) . Specifically, forearm grip strength was decreased significantly in preferred reach limbs immediately after training (HRHF week 0), compared to naïve levels, and in HRHF rats at 6, 12 and 18 weeks, compared to age-matched FRC rats (Fig. 1d) . No significant differences were detected between NC and FRC control groups (data not shown).
Muscle inflammatory cytokines increase early yet transiently, while muscle CCN2 increases in week 18 of HRHF task Using multiplex ELISA, significant transient increases were observed in TRHF rat muscles for MCP-1 levels compared to NC, and 6-, 12-and 18-week HRHF rats (Fig. 2a) , and for IL-18 levels, compared to all other groups (Fig. 2b) . In 6-week HRHF rat muscles, TNFα levels were increased compared to NC and 18-week HRHF rats (Fig. 2c) . TGFB1 increased significantly in 12-week HRHF rat muscles, while CCN2 levels increased significantly in 18-week HRHF rat muscles, compared to NC (Fig. 2d,e) . Leptin levels showed a transient but non-significant increase in TRHF rat muscles, yet a significant decrease in 18-week HRHF rat muscles, compared to TRHF (Fig. 2f) . RANTES levels showed a transient but nonsignificant increase in 6-week HRHF rat muscles, yet a significant decrease in 18-week HRHF rats, compared to 6-week HRHF (Fig. 2g) . Muscle levels of the remaining cytokines tested (eotaxin, GM-CSF, GRO/KC, IL-1β, IL-2, IL-4, IL-10 and VEGF) did not differ significantly between groups (data not shown). There were also no significant increases in inflammatory cytokines or chemokines in flexor digitorum tendons of 18-week HRHF rats, compared to FRC rats (data not shown). CCN2 was not tested using ELISA in tendons.
No inflammatory cells were observed in 18-week HRHF rat muscles or tendons H&E and anti-CD11b stained sections of muscles and tendons collected for histomorphometry from NC, FRC and 18-week HRHF rats were examined for presence of neutrophils or macrophages. No inflammatory cells were observed in NC, FRC or 18-week HRHF rat muscles or tendons (data not shown). We have previously reported increased presence of inflammatory cells in the TRHF, 6-and 12-week HRHF rat muscles, concomitant with increased inflammatory cytokine levels Fedorczyk et al. 2010 ).
Serum inflammatory cytokines increase early yet transiently, while serum CCN2 and IFNγ increase in week 18 of HRHF task
To verify that inflammatory cytokine responses were resolved systemically, and not just in flexor digitorum muscles, we analyzed serum using multiplex and singleplex ELISAs (Table 1) . Serum levels of IL-1β, IL-10 and IP-10 were elevated in TRHF rats, compared to FRC and NC rats, yet at baseline levels in 18-week HRHF rats. GRO/KC was not significantly increased in TRHF rat serum, yet significantly decreased in 18-week HRHF, compared to TRHF rats. IFNγ and CCN2 were the only tested cytokines increased in serum of 18-week HRHF rats, compared to control rats. Serum levels of eotaxin, IL-1α, IL-6, IL-18, MIP-2, MCP-1, and VEGF did not differ significantly between groups (data not shown).
Fibrogenic proteins CCN2, collagen type I, IFNγ and TGFB1 increase in tissues with long-term HRHF task Western blot analysis followed by densitometry showed significantly increased CCN2 protein in 12-and 18-week HRHF rat muscles, compared to TRHF rats (Fig. 3a, b) . Western blot analysis followed by densitometry also showed presence of pro-collagen type I (approximately 150 kDa) in all groups with greater increases in 12-week HRHF rat muscles ( Fig. 3c ; densitometry not shown), and significantly increased mature collagen I (75 kDa) in 12-week and 18-week HRHF rat muscles, compared to TRHF rats (Fig. 3c, d) .
Using cross-sections of mid-belly flexor digitorum muscles for immunohistochemistry, FRC and TRHF rats showed a thin epimysium with low CCN2 immunostaining, and low CCN2 Fig. 4a, d , g, i; Fig. 5a ; TRHF reported previously (Abdelmagid et al. 2012) ). The epimysium was increased in thickness in 18-week HRHF rat muscles (Fig. 4b double arrows) . CCN2 immunostaining was increased in the epimyseum (Fig. 4b) , in extracellular spaces of the endomysium ( Fig. 4e; Fig. 5b ), as well as in small cells on the perimeter of myofibers ( Fig. 4b and J; Fig. 5b ), endothelium and surrounding extracellular matrix tissues (Fig. 4h) , and in Schwann cells (Fig. 4h) . Some of the small CCN2-positive cells were double-labeled with smooth muscle actin (SMA; Fig. 4j ), indicating that this subset were myofibroblasts. Others were endothelial and Schwann cells.
Image analysis quantification confirmed a significant increase of CCN2 immunostaining in the epimysium and endomysium of 12-and 18-week HRHF rats, compared to FRC rats ( Fig. 4c and Table 2 ). A fibrous muscle repair site is shown outlined in Fig. 4f , and also shows increased CCN2 and collagen type 1 deposition.
Collagen type I immunostaining was also increased in small cells on the perimeter of myofibers, endomysium and subsets of myofibers of 18-week HRHF rats (Fig. 4b, e, f;  Fig. 6e ). Fibrous bands immunostained immunostained with collagen type I were observed in the extracellular matrix around flexor digitorum muscles of 18-week HRHF rats ( Fig. 4h; Fig. 6b ), but not in FRC rats ( Fig. 4g; Fig. 6a ). Image analysis quantification confirmed a significant increase of collagen type I immunostaining in the endomysium of 12-and 18-week HRHF rat muscles, compared to FRC rats (Table 2) .
Immunohistochemistry was used to determine if flexor digitorum muscles were one source of the serum IFNγ (Fig. 5a, b) . IFNγ immunostaining was not evident in FRC rat muscles (Fig. 5a ), yet was increased in small cells on the perimeter of myofibers in 18-week HRHF rats (Fig. 5b) . Image analysis quantification confirmed this increase in 18-week HRHF rats, compared to FRC rats (Table 2) .
TGFB1 was increased in small cells on the perimeter of myofibers and in flexor digitorum tendocytes of 18-week HRHF rats, compared to FRC rats ( Fig. 5d and f, versus Fig. 5c and e) . This endomysium differences were confirmed by quantification of TGFB1 staining (Table 2) .
Substance P increases in tissues with long-term HRHF task
We used immunohistochemistry to determine if subP immunostaining increased in reach forelimb tissues of 18-week HRHF rats. We observed increased subP immunostained axons (determined by double-labeling with pgp9.5, a pan neuronal marker) in extracellular matrix tissues, and between or on the perimeter of myofibers of 18-week HRHF rats, compared to FRC rats (Fig. 6b-c versus 6A , and 6E-G versus 6days, respectively). Mast cells that were subP immunoreactive were also observed in the extracellular matrix. Since HRHF rats showed increased forepaw sensitivity, we examined subP immunostaining in the mid-palmar skin of reach limb forepaws. We observed increased subP immunoreactive axons (double-labeled with pgp9.5) in the dermis and epidermis of 18-week HRHF rats, compared to FRC rats (Fig. 6i-k versus h). These differences were confirmed by quantification of subP immunostaining in forearm muscles and dermis of forepaw regions (Table 2 ). These increases were accompanied by increased collagen type I (Fig. 6i versus h ), CCN2 and TGFB1 immunostaining (Table 2) .
Correlations between behavioral values and fibrogenic proteins, and between collagen type I and other fibrogenic proteins
As shown in Table 3 , grip strength declines in the reach limbs correlated with increased CCN2, collagen type I, IFNγ and TGFB1 immunostaining, as well as CCN2 ELISA and collagen type I western blot findings in flexor digitorum muscle from these same limbs. The withdrawal response to stimulation of the reach limb's forepaw with a 1 g von Frey filament correlated with increased collagen type I, TGFB1 and subP immunostaining in the mid-palmar dermis. An aversion reaction to standing on a 16°C plate correlated with increased CCN2 and subP immunostaining in the mid-palmar dermis. Lastly, collagen type I immunostaining correlated with IFNγ immunostaining in flexor digitorum muscles, and with CCN2, TGFB1 and subP immunostaining in flexor digitorum muscles and mid-palmar dermis (Table 3) .
Discussion
Our hypotheses were upheld in that tissue inflammatory cytokine responses resolved early, and fibrotic tissue proteins (CCN2, TGFB1, collagen I, and subP) increased significantly in and around flexor digitorum muscles, extracellular matrix and nerves with prolonged performance of a HRHF task, and that the fibrotic tissue responses correlated with persistent sensorimotor declines. The observed increased serum CCN2 is supportive of it serving as a potential biomarker and therapeutic target to prevent the tissue fibrosis and reduced function that occurs as a consequence of overuse, once other potential sources of CCN2 are ruled out. This is our first study examining sensorimotor declines in rats performing HRHF tasks for more than 12 weeks. The increased incidence of bilateral pulling, switching limb used to pull the lever, and sitting in the corner rather than participating in HRHF task rats are indicative of increased discomfort with continued task performance. The increased cold aversion and withdrawal response to mechanical stimulation are consistent with peripheral and/or central sensitization (Choi et al. 1994; Jorum et al. 2003 ) (Chaplan et al. 1994; Elliott et al. 2009b Elliott et al. , 2010 Ma and Woolf 1995; Ren and Dubner 1999) , secondary to neuropathies previously documented in this model (e.g., axonal inflammation and degeneration) (Clark et al. 2004 (Clark et al. , 2003 Elliott et al. 2009b Elliott et al. , 2010 Elliott et al. , 2008 . The grip strength declines match findings in our past studies examining 6-to 12-week HRHF rats (Abdelmagid et al. 2012; Barbe et al. 2013; Fedorczyk et al. 2010) . In these shorter studies, forearm grip strength declines and other pain behaviors were linked to inflammation Elliott et al. 2009a Elliott et al. , 2010 Fedorczyk et al. 2010) . Others have reported inflammation-induced declines in forelimb grip force following intramuscular injection of carrageenan, an agent used to stimulate cutaneous inflammation and activate muscle nociceptors (Kehl and Fairbanks 2003) , and declines in isometric force production after increased force loading (Baker et al. 2007 ). Our findings of persistent functional declines despite resolution of inflammation and concomitant with fibrotic responses, match findings from patients with chronic (>3 months) WMSDs in which fibrotic responses are increased and inflammatory responses are not detected (Ettema et al. 2004; Freeland et al. 2002; Hirata et al. 2004 ). Driscoll and Blyum postulated that fibrosis in and around (Driscoll and Blyum 2011) . Fibrosis in the connective tissue Bcontainer^surrounding nerves has been linked to chronic nerve compression (Bove et al. 2009; O'Brien et al. 1987) , which is known to increase pain behaviors (as a consequence of compressive nerve irritation) and decrease grip strength (due to reduced nerve conduction). Similarly, we observed increased collagen deposition around myofibers, muscles and nerve processes, indicative of an increased fibrotic Bcontainerŵ ith overuse. Our behavioral and correlative findings here support these hypotheses that fibrotic tissue changes are contributing to the observed sensorimotor behavioral declines.
We observed increases of several fibrogenic related proteins, including CCN2, TGFB1 and collagen type I in extracellular matrix, muscles and dermis of the forepaw at 18 weeks of task performance. Many CCN2-immunopositive cells appeared to be fibroblasts, although they may also be stem cells. Some of the small CCN2-immunopositive cells were smooth muscle actin immunopositive myofibroblasts, which is interesting since TGFB1 is an upstream modulator of CCN2 and collagen production in myofibroblasts (Cunningham et al. 2010; Garrett et al. 2004; Sonnylal et al. 2010) . CNN2 was also expressed in Schwann cells (which we have previously confirmed using S100-beta double-labeling of cells surrounding nerve axons (Clark et al. 2003) ) and endothelial cells (as shown by (Brigstock 2002; Guney et al. 2011) ). We observed a small number of sites of fibrotic repair, with increased collagen type I and CCN2, within the muscles, suggestive of sites of focal muscle injury. TGFB1 immunostained cells in muscles were likely also fibroblasts, while those in tendons were tenocytes. Other groups have shown that fibrogenic proteins increase in fibroblasts and tenocytes under conditions of tissue overload or injury (Best et al. 2001; Heinemeier et al. 2007; Kjaer 2004; Nakama et al. 2006; Smith et al. 2007 ). Increased CCN2 has been linked to the pathogenesis of tissue fibrosis (Liu et al. 2013; Seher et al. 2011; Sonnylal et al. 2010; Sonnylal et al. 2013; Tzortzaki et al. 2007) . It is the downstream mediator of TGFB1 (Clark et al. 2003; Grotendorst 1997; Song et al. 2007) , and TGFB1-induced CCN2 expression leads to fibroblast proliferation and extracellular matrix deposition (Grotendorst 1997) . With regard to repeated overloading, CCN2 immunopositive tenocytes increase in tendons in a rabbit model of cyclical loading (Nakama et al. 2006) . Clinically, CCN2 is increased in tenosynovium and subsynovial connective tissue of carpal tunnel syndrome patients (Pierce et al. 2009 ) (Chikenji et al. 2014) , as is TGFB1 (Chikenji et al. 2014) . CCN2 has been suggested as a suitable target for prevention of fibrotic disorders (Daniels et al. 2003; van Nieuwenhoven et al. 2005) .
Clinically, trials are underway using a fully human IgG1 monoclonal antibody that recognizes domain 2 of human and rodent CCN2 (this monoclonal is called FG-3019 and was developed by Fibrogen, Inc., South San Francisco, CA) as a novel therapy to treat patients with pancreatic cancer, idiopathic pulmonary fibrosis, kidney disease (Adler et al. 2010; Gunther et al. 2006; Neesse et al. 2013) , and liver fibrosis due to chronic hepatitis B infection (FibroGen, 2012) . FG-3019 has also been used as a therapy in a mouse model of Duchenne muscular dystrophy, where it reversed muscle fibrosis and even improved motor function (Morales et al. 2013) . These studies combined with our current and recent (Gao et al. 2013) findings of increased CCN2 in tissues and serum support the use of CCN2 as a biomarker of fibrosis in patients with WMSDs. The aggregate findings further suggest anti-CCN2 treatments be explored as potential therapeutics to reverse fibrosis and functional declines occurring as a consequence of overuse.
We also observed increased collagen immunostaining within subsets of myofibers. Increased collagen abundance within myofibers have been reported in a prior study using our model (Abdelmagid et al. 2012) , in a rat model prenatal ischemia and immobilization in which muscles were affected negatively (Coq et al. 2008) , in muscles collected from insulin resistant patients (Berria et al. 2006) , and in myofibers undergoing repair (Alexakis et al. 2007 ). While we don't fully understand the reason for this increase, its occurrence only in muscles after prolonged performance of a HRHF task and the absence of this type of staining in normal control or food restricted control animals, and after preabsorption control staining supports further investigation.
The anti-fibrotic agent, IFNγ (Diaz et al. 2012; Foster et al. 2003; Ziesche et al. 1999) , was increased in serum and muscles at 18 weeks of HRHF task performance. IFNγ is an antifibrotic cytokine known to inhibit TGFB1 signaling (Leask and Abraham 2004) . Foster et al. showed that the antifibrotic agents decorin and IFNγ can decrease fibrotic deposits in a mouse laceration injury model, and that IFNγ administration can improve muscle function (Foster et al. 2003; Fukushima et al. 2001) . We suggest that the increased IFNγ was an attempt by HRHF rats to control a fibrotic tissue response.
SubP labeled axons and even mast cells increased in extracellular matrix, muscles, and forepaw dermis and epidermis at 18 weeks of task performance, and correlated with enhanced mechanical and thermal sensitivity. Past findings demonstrate increased nerve fibers in tissues as a consequence of repetitive tasks (Fedorczyk et al. 2010; Kadi et al. 1998; Lian et al. 2006) . SubP is a nociceptor-related neuropeptide (Henry 1982; Jessell 1982 ) that increases in several painful conditions, including painful tendinopathies, rotator cuff tears, and arthritis (Dean et al. 2013; Gotoh et al. 1998; Lui et al. 2010; Munoz and Covenas 2011; Witonski et al. 2005) . SubP participates in enhanced temperature hypersensitivity in dermatitis and nerve injury, mechanical hyperalgesia after persistent inflammation, and painful peripheral neuropathy induced by paclitaxel (Murota et al. 2012; Rogoz et al. 2014; Tatsushima et al. 2011; Teodoro et al. 2013; Uematsu et al. 2011) . However, subP is produced not only by neurons but also by mast cells, endothelial cells, fibroblasts and tenocytes (Andersson et al. 2011; Backman et al. 2011a, b; Fedorczyk et al. 2010; Katayama and Nishioka 1997) , and stimulates fibroblast and tenocyte proliferation and collagen remodeling in vitro (Backman et al. 2011b; Fong et al. 2013; Katayama and Nishioka 1997) . For example, subP, produced by tenocytes in vitro in response to mechanical loading, appears to regulate tenocyte proliferation through an autocrine loop involving its receptor, neurokinin 1 receptor (NK-1R) (Backman et al. 2011b) . Exogenously administered SP accelerates tenocyte proliferation in the Achilles tendon during tendinosis development in a rabbit model (Andersson et al. 2011) . At the systems level, Ozturk et al. found that patients with carpal tunnel syndrome have increased subP in the transverse carpal ligament and thickened synovial connective tissue of the flexor digitorum tendon (Ozturk et al. 2010) . A link has been demonstrated between subP and dermal fibroblast proliferation and increased collagen type I during cutaneous wound healing (Cheret et al. 2014) . Lastly, WT mice treated with the NK-1R antagonist as well as NK-1R knockout mice have reduced colonic fibrosis, fibroblast accumulation, and expression of fibrogenic factors in the colonic mucosa, and in vitro experiments with colonic fibroblasts show that SP stimulates fibroblast migration and, in the presence of TGFB1 and IGF-1, increases collagen synthesis (Koon et al. 2010) . These findings combined with our current findings suggest that subP plays a role in both increased pain sensitivity and fibrotic processes, although further studies in which subP signaling is blocked are needed to confirm this hypothesis.
In conclusion, these findings show that high demand tasks can induce tissue fibrotic changes if the work is performed for long periods of time. The temporal association of sensorimotor behavioral declines with increased tissue fibrotic proteins suggests that fibrosis contributes to functional declines occurring with overuse. The increased subP during the fibrotic process supports and extends findings from other groups linking its increase to morphological changes in tendons with overuse (Andersson et al. 2011; Backman et al. 2011a ). These findings combined with similar finding in patients with chronic WMSDs (Ettema et al. 2004; Freeland et al. 2002; Hirata et al. 2004) , indicate that therapies that prevent or treat fibrosis may be useful in preventing long-term functional motor declines occurring with long-term repetitive motion injuries. CCN2 may serve as a serum biomarker of fibrosis, while both CCN2 and subP deserve further exploration as targets for therapeutic intervention in fibrotic disorders with increased pain symptoms.
